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YOUNG MASSIVE CLUSTERS: THEIR POPULATION
PROPERTIES, FORMATION AND EVOLUTION, AND THEIR
RELATION TO THE ANCIENT GLOBULAR CLUSTERS
Nate Bastian1
Abstract. This review summarises the main properties of Young Mas-
sive Clusters (YMCs), including their population properties, particu-
larly focusing on extragalactic cluster samples. We discuss potential
biases and caveats that can affect the construction of cluster samples
and how incompleteness effects can result in erroneous conclusions re-
garding the long term survival of clusters. In addition to the lumi-
nosity, mass and age distributions of the clusters, we discuss the size
distribution and profile evolution of the clusters. We also briefly dis-
cuss the stellar populations within YMCs. The final part of the review
focusses on the connections between YMCs and the ancient globular
clusters, whether or not they are related objects and how we can use
what we know about YMC formation and evolution to understand how
GCs formed in the early universe and how they relate to galaxy forma-
tion/evolution.
1 Introduction and Historical Development
Traditionally, it was thought that open (OCs) and globular clusters (GCs) were two
fundamentally different types of objects, with no overlap between the populations.
The classic view of GCs is that they are high mass, high density ancient systems
that belong to the halo/bulge of the Galaxy. OCs, on the other hand, were young,
sparse, low mass systems that belonged to the disc of the Milky Way. However, this
clear dichotomy breaks down as soon as we look at our nearest galactic companions,
the Large and Small Magellanic Clouds.
These galaxies contain a large number of “populous clusters” or “young glob-
ular clusters”, i.e. young (less than a few Gyr), dense and high mass (> 105 M)
clusters. Examples include the ∼ 100 Myr NGC 1850, the ∼ 300 Myr NGC 1856
and the ∼ 1.5 Gyr NGC 1846 clusters in the LMC, and the older Linsday 1 and
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NGC 339 in the SMC (6 − 8 Gyr, 2 × 105 M- e.g., Glatt et al. 2008). These
clusters have GC type masses and densities, but open cluster type ages.
Schweizer (1987) was amongst the first to propose that globular clusters were
still forming in the local universe, and were not restricted to forming in the special
conditions of the early universe. He suggested that galaxy mergers were a natural
place for GC formation, as it was thought that many elliptical galaxies were formed
through the merging of spiral galaxies which caused extreme starbursts. This field
really began to take off in the early 90s, however, with the advent of the Hubble
Space Telescope, which could peer into the crowded and complex environments
of nearby galactic mergers and starbursts. Holtzman et al. (1992) used HST to
study NGC 1275 and found a large population of “bright blue clusters”, with
colours/magnitudes that suggested that they were young (< 100 Myr old) and
massive > 106 M. While such objects had been observed in another galaxy
merger, NGC 7252 (Schweizer 1987) it took the exquisite resolution of HST to
confirm that the objects were compact, < 15 pc, i.e., true clusters.
After this initial discovery, a number of authors used HST to find and analyse
huge populations of young clusters in the other mergers/starbursts such as the An-
tennae galaxies (Whitmore & Schweizer 1995), NGC 7252 (Miller et al. 1997) and
NGC 3256 (Zepf et al. 1999); i.e. across the full Toomre sequence (Toomre 1977).
These discoveries opened up an entire new field, that of the young globular clusters,
or young massive clusters (YMCs - also known as super star clusters or SSCs).
After their initial discovery in starbursts and mergers, subsequent works started
finding massive clusters (and cluster populations) in nearby spirals (e.g., Larsen
& Richtler 2000) and dwarf galaxies (e.g., Billett et al. 2003). It was soon realised
that across a wide range of environments the cluster population properties were
largely the same, however in starbursts one tended to find brighter, and presumably
more massive clusters (e.g., Whitmore 2003).
With the ubiquity of YMCs in nearby environments, it was (and is) natural to
view them as the young counterparts to the old GCs, which could offer us tremen-
dous insight into how GCs formed and evolved, as we could watch their entire
lifecycle play out within the nearest 10s of Mpc, instead of looking at redshifts
greater than ∼ 3. A number of theoretical works attempted to explicitly link
what was known about YMC formation/evolution to that of GCs (e.g., Ashman
& Zepf 1992; Zepf & Ashman 1993; Fall & Zhang 2001).
In turn, we came to view OCs as simply the lower mass end of a continuous
distribution of YMCs. In fact, during this time, due in large part to the advent
of efficient near-IR cameras, we began uncovering large populations of YMCs in
the Milky Way, such as the Arches and Quintuplet clusters near the Galactic
centre (Figer et al. 1999); Westerlund 1 (Clark et al. 2005), and the Red Super
Giant Clusters 1 and 2 (Davies et al. 2007). Hence, it appears that the observed
dichotomy between the OCs and GCs in the Galaxy was largely caused by a
selection effect, that since we live in the disc of a dusty spiral, we were simply
unable to see many of the massive young clusters residing in the disc, whereas we
have a largely complete view of the GC population in the bulge/halo.
In these lectures I will outline the general properties of YMCs and YMC pop-
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ulations. In particular, I will discuss how we find YMCs in extragalactic surveys,
what their mass/luminosity distributions look like, what their age distribution can
tell us about their evolution, and will outline potential stumbling blocks along the
way. Additionally, I will discuss what is known regarding the stellar populations
and stellar initial mass functions within them. Finally, I will relate what is known
about YMCs to what is and isn’t understood about GCs, and how the former can
be used to shed light on the latter.
Before beginning I would like to point out a number of recent reviews that
cover various topics discussed in the current work: Portegies Zwart et al. (2010)
provide an overview of YMCs in Milky Way and nearby galaxies and discuss many
of their population properties; Longmore et al. (2014) discuss YMC formation and
their early evolution; and Adamo & Bastian (2016) focus on YMC populations and
how the host galactic environment affects YMC formation and evolution. Finally,
Kruijssen (2014 - see also Brodie & Strader 2006) discusses the links between
YMCs and GCs.
2 Cluster Population Properties
2.1 Cluster Selection
When studying cluster populations the first step is to define a cluster sample.
Generally, when referring to “clusters”, authors adopt one of two meanings. The
first is that there is an over-density of stars, relative to the field, so that stars
appear more “clustered” than expected from a random/uniform distribution. The
second meaning is a gravitationally bound collection of stars. In this second def-
inition one normally has open clusters or globular clusters in mind, i.e., objects
that have survived for many crossing times and hence are bound. Unless one has
access to the full 6 dimensional positional/kinematic information of all the stars in
the region (along with a knowledge of the full gravitational potential of the region
caused by the remaining gas and larger potential of the host galactic system) it is
not possible to fully determine if a young system is gravitationally bound.
These two definitions are applied commonly in the literature, and have resulted
in some confusion. If one applies the first definition to star-forming regions, it
appears that all stars form in clusters, i.e., nearly all stars form in a clustered
fashion (e.g., Lada & Lada 2003). However, when using proxies to determine if a
region is bound or not, i.e., the surface densities of regions, it appears that only a
minority of stars form in bound clusters (e.g., Bressert et al. 2010).
In general, throughout this review, we will adopt the second definition, as
we are interested in long lived clusters. In catalogues of extragalactic cluster
candidates, one can generally assume that objects that are centrally concentrated
and have ages in excess of ∼ 10 Myr are clusters in this sense, as they have
undergone multiple crossing times. Candidates less than this age may be clusters,
or they may be unbound associations (e.g., Gieles & Portegies Zwart 2011).
An example of the impact of how young cluster candidates are selected and the
resulting effects on the age distribution has been shown in Bastian et al. (2012).
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The authors found that a visual inspection of young cluster candidates (< 10 Myr)
that were selected by automated algorithms led to more than half being classified
as unbound associations, rather than clusters. M83 is at a distance of only ∼
4.5 Mpc, so one HST WFC3 pixel corresponds to roughly 1 pc, allowing (at some
degree of confidence) clusters to be differentiated from associations based on their
morphology. At larger distances (i.e., in the Antennae galaxies at ∼ 20 Mpc) such
differentiations are not possible, so it is expected that at young ages, unbound
associations dominate the cluster candidate catalogues.
Hence, when analysing cluster populations properties that include young objects
(< 10 Myr), care must be taken with the interpretation, as many objects in the
sample may be unbound. When studying the age distribution of clusters candidates
in extragalactic samples, age bins below ∼ 10 Myr should be treated as upper limits
(as many of the objects may be unbound associations).
One example that such ambiguities in terminology can be troubling is in our
understanding of early cluster evolution. Age distributions of “clusters” often show
a pronounced drop between ages of < 10 Myr and from ∼ 10 − 30 Myr. If this
was the case for clusters, defined as gravitationally bound objects, then this would
imply that some physical mechanism was necessary to invoke that would destroy
substantial fractions of young clusters. “Infant mortality” or “gas expulsion” has
often been invoked to cause the rapid destruction of large numbers of clusters (see
the recent review by Longmore et al. 2014). However, if the “cluster” sample
included unbound associations (which is often the case for both Galactic and
extragalactic systems) then this drop seen in the age distribution is simply a result
of the unbound associations dissolving into the field, hence no new disruptive effect
would need to be invoked. Despite a large amount of theoretical work on gas
expulsion in young clusters (e.g., see the review by Banerjee & Kroupa 2016), it
appears that current observations do not require such a mechanism (e.g., Longmore
et al. 2014) as the differing definitions (among other reasons) of “clusters” is largely
to blame for the confusion.
2.2 Deriving Cluster Properties
The most common way to age date unresolved young (< 1 Gyr) clusters is to
compare their integrated light properties (i.e., colours/spectra) to simple stellar
population models (SSPs). This generally requires a few assumptions. First, this
assumes that clusters are well represented by SSPs, i.e., there is little or no age
or metallicity spread within the clusters. While many models for the origin of
the multiple populations observed in globular clusters invoke large age spreads
within young massive clusters, observations suggest that approximating them as
SSPs is generally justified (e.g., Cabrera-Ziri et al. 2014; 2016a). Additionally, one
must assume a form of the underlying stellar initial mass function (IMF; a pure
power-law IMF like a Salpeter (1955) or one with a turn-over at low masses, e.g.,
Chabrier (2003)).
For low-mass clusters, the upper end of the IMF may not be well sampled, i.e.
there may only be a handful of high-mass stars, whereas SSP models generally
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assume that the IMF is fully sampled. This can cause cluster colours to vary
in the regime of low numbers of stars for a given age/mass (e.g., Fouesneau &
Lanc¸on 2010; Silva-Villa & Larsen 2011). Due to the cluster initial mass function
(discussed below), there are many more low-mass clusters in a population than
high-mass clusters, hence deriving accurate properties for these clusters can be
essential for many studies. A number of recent studies have created SSP models
with stochastically sampled stellar IMFs and compared these models with the
observations in a Bayesian way to derive the most likely underlying age and mass
distribution (e.g., de Meulenaer et al. 2013; Anders et al. 2013; Fouesneau et
al. 2014; Krumholz et al. 2015). Alternatively, if one restricts the analysis to
the higher mass end of the cluster mass function (> 5000 M) traditional fitting
methods (χ2 fitting) can be used with some degree of confidence (e.g., Adamo et
al. 2011).
Through comparison between the integrated colours/magnitudes of individual
clusters, one can estimate the age, mass and extinction of each cluster in the
sample. However, not all colours are equally affected by age and/or extinction.
In order to break this common degeneracy, blue filters (i.e. U-band or bluer) as
well as a number of optical filters (to sample the Balmer break) are required (e.g.,
Anders et al. 2004). Unfortunately, near-IR colours are generally not very sensitive
to age (with one exception, see below), so this kind of game will become much
more difficult in the era of JWST. In addition to including broad band colours
in the fit, an improvement that can be made is to include Hα emission in fits
(e.g., Chandar et al. 2010; Adamo et al. 2010) which can be used to differentiate
an older low-extinction cluster from a younger (< 10 Myr) more highly extincted
cluster. However, in cases where spatial resolution is limited (i.e. in distant
sources) unrelated Hα emission can enter the aperture, causing spurious results.
Hence, in these cases it is preferable to use a UV filter, which is also very sensitive
to young ages, but directly traces the stars to make the differentiation (Hollyhead
et al. 2016).
In addition to using the observed colours, other studies have compared inte-
grated optical spectroscopy to SSP models to derive ages, which can in turn be
used in combination with integrated colours to derive the extinction and age. This
has the benefit of largely removing the age/extinction degeneracy (e.g., Trancho et
al. 2007). Recent work has gone beyond using individual line indices and instead
fits the full spectrum, with or without removing the continuum (e.g., Cabrera-Ziri
et al. 2014; 2016a).
If strong emission lines are seen in the spectrum (e.g., Hα, Hβ, O[III]), with
little or no absorption in the Balmer lines then the cluster is < 7 − 10 Myr. In
addition to nebular emission lines, one can search for Wolf-Rayet (WR) features
in the integrated optical spectrum. This feature, at ∼ 4650A˚, is due to the winds
of high mass evolved stars (WR stars) and their presence constrains the age of the
cluster to ∼ 3− 7 Myr (e.g., Sidoli et al. 2006).
Whitmore et al. (2011) suggested that the size of Hα bubbles around YMCs
could be used as an age indicator, and compared the bubble size with the ages
derived based on integrated colours. Hollyhead et al. (2015) expanded this idea
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Fig. 1. Examples of YMCs in M83 as they evolve from being embedded (left panel),
partially exposed (middle panel) to fully exposed (right panel), as can be seen by the
clear ionised bubble surrounding the cluster. This process takes 1− 2 Myr and appears
largely independent of cluster mass (from ∼ 104−107M). In each panel, blue represents
the B-band, green traces Hα emission (i.e., ionised gas) and red traces the I-band. Figure
taken from Hollyhead et al. (2015).
and found that YMCs appear to be gas free (i.e. have bubbles surrounding them,
but are no longer embedded in their natal giant molecular cloud) after 2-3 Myr
(at least in M83, but also see Bastian et al. (2014) for larger sample of massive,
> 106M, young clusters where this is also true). An evolutionary sequence of
YMCs from embedded to partially embeddded, to fully exposed is shown in Fig. 1.
Finally, Gazak et al. (2013) found that the near-IR colours of a YMC is ex-
tremely sensitive to the presence of even a single red super giant. They found,
both through population models and in comparison with observations, that the
near-IR colour of YMCs changes abruptly at the transition from having no RSGs
to having just a few RSGs. This transition appears to happen at ∼ 6 Myr, where
the cluster goes from being extremely blue in the near-IR to being very red. Ex-
tinction at young ages can complicate this method (as young embedded clusters
can appear red) although this is less of a concern than in optical studies as it is
based in the near-IR where the effects of extinction are lower.
2.3 Selection Effects and Biases
Once the properties for individual clusters have been homogeneously derived, we
can begin exploring the population properties of the clusters. Of course, when
doing so, one needs to carefully account for selection effects and biases. Some
effects are relatively obvious, i.e. if you are studying the luminosity function
of clusters, the faint end of the LF will be more affected by completeness than
the bright end, so any turn-over in the population should be treated with some
skepticism (e.g., Whitmore et al. 2010). Other effects can be more subtle so we
need to keep in mind that when we look at a single cluster property (i.e. the age
distribution) we are integrating over other properties (i.e., the mass and extinction
distributions).
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2.3.1 The Effect of Incompleteness (Luminosity Limited Samples)
One particularly important place where such complications can arise is when
studying the age distribution of clusters. Most observations are luminosity limited,
meaning that some low-luminosity clusters are missed from the sample, whereas
bright clusters are easily spotted, so they are included in the sample. Due to stellar
evolution, to first-order, clusters dim as a function of time in most photometric
bands1. Due to this fading, it is easier, for a given mass, to detect younger rather
than older clusters.
This can be most readily seen in the age-mass distribution of clusters in a
population. When looking at a figure of log(age) vs. log(mass), there is an “in-
completeness triangle”, where there are few or no low mass old clusters in the
sample (see the top panel of Fig. 2). One of the main population properties that
we wish to access is the age distribution of clusters (i.e. the number of clusters
observed per linear age bin2). If one would just do this for the entire sample, this is
effectively just integrating over mass for each age bin, and since samples extend to
lower masses at young ages, this results in a declining age distribution for increas-
ing age (i.e., it looks like all galaxies have been forming more and more clusters
up to the present epoch). Such an incomplete sample is known as “luminosity
limited”.
To demonstrate the importance of this effect, and to visually see the best way to
solve the problem, we create a synthetic cluster populations. We assume a constant
rate of cluster formation (500 clusters per Myr) for the past 1 Gyr (ages assigned
stochastically), no cluster mass loss or dissolution, a lower mass limit of 100 M
and no upper mass limit. Cluster masses are assigned stochastically, according
to a power-law mass function, Ndm ∝ m−αdm, with α = 2. For each cluster
we then have a mass and an age and we convert these into observational space
(colours and magnitudes) using the simple stellar population models of Bruzual
& Charlot (2003) at solar metallicity. Finally, we “observe” our population by
applying a luminosity limit, assuming that the observations are limited in the
U-band at MU = 6.
The results are shown in Fig. 2. In the top panel, each dot represents a cluster
and the effect of incompleteness is shown as a solid black line (this is simply set by
the evolutionary fading of clusters below the detection limit). In the bottom panel,
we show the cluster age distribution for different sub-samples. The black filled
circles show the input sample. Note that it is flat, since the input was a constant
cluster formation rate. The green upside-down triangles show the resulting age
distribution once the luminosity limit is applied. This is what would be seen if
the observed sample were used to construct the age distribution. Note that it
1One large exception to this is that from an age of ∼ 6 Myr Red Supergiants begin to evolve,
which emit a substantial amount of flux in the red-optical and near-IR. While the Red Supergiants
are alive, the cluster can become more luminous with age in the red bands, and can actually be
used as an age indicator (e.g., Gazak et al. 2013).
2One needs to correct for the logarithmic binning, i.e., that if the logarithm of age is used in
the binning, each bins covers successively larger range of linear ages.
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decreases rapidly, with a slope of ∼ −1 (representing dN/dt ∝ t−1). The rate of
decline is filter dependent (since clusters fade at different rates in different filters),
with the U-band or V-band limited samples declining at t−1 or t−0.6, respectively
(e.g., Gieles 2010).
Finally, we show the results if two different mass limits (only looking at clusters
more massive than a given limit) are applied, one at 500 M (red filled circles) and
5000 M (blue triangles). In the lower mass limit case, we see that we retrieve
the shape of the input age distribution (i.e., flat) until an age of ∼ 10 Myr, at
which time the sample begins to drop due to incompleteness. For the higher mass
cut, the sample stays flat until ∼ 100 Myr, before dropping due to incompleteness.
Hence, the easy way to test if a sample is luminosity or mass limited, is to take
progressively higher mass cuts. If the shape (i.e., slope) of the age distribution
becomes shallower for higher mass cuts, the sample is likely to be luminosity
limited.
If incompleteness is not taken into account, which has happened in the liter-
ature, in order to explain the resulting age distribution of clusters, authors have
adopted heavy cluster dissolution or mass loss (i.e., that say ∼ 90% of clusters
are destroyed each decade in age). Hence, if cluster disruption is under discus-
sion, samples should be mass-limited instead of luminosity limited (or if luminosity
limited samples are used, care should be taken).
Note that mass limited samples can recover the underlying shape of the age
distribution, but the total number of clusters is heavily affected, simply because
the lower mass clusters are not included. For example, the input age distribution
and output age distribution with a 5000 M limit are offset by a factor of 50.
This is because the lower mass limit between the two samples is different by a
factor of 50 (100 vs. 5000 M), which is a nice characteristic of a power-law mass
distribution with an index of -2. This needs to be taken into account if absolute
numbers of clusters are needed, as is the case when studying the fraction of stars
that form in clusters, which will be discussed in § 2.9.
2.4 Size-of-sample Effects
To see a key feature of cluster populations, we can create simple synthetic pop-
ulations where we adopt a constant cluster formation rate3 and each cluster is
assigned a mass, stochastically, from a power-law mass function with index −2
between some minimum (i.e., 100 M) and maximum (> 107 M) mass.
One such population is shown in Fig. 3. In the left panel, we show a synthetic
cluster population (constant cluster formation rate, power-law mass function) with
the x-axis (cluster age) plotted linearly. The same population is shown in the
right panel but now with the x-axis plotted logarithmically. In the right panel the
most-massive cluster as a function of time increases, i.e. the upper envelope of
the distribution increases in mass as a function of time. It appears that there are
3A constant cluster formation rate, on average, can be achieved by assigning clusters a random
age over the time span of interest (e.g., for the past 1 Gyr).
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Fig. 2. A synthetic cluster population (constant cluster formation rate and normal cluster
mass function) and the resulting age distributions for the 1) input distribution (black
filled circles), luminosity limited sample (green upside-down triangles), and for two mass
limits (500 M, filled red circles - and 5000 M, blue triangles). Note the strong effect
that sample selection has on the conclusions.
more older clusters, but this is only due to the logarithmic plotting. As each bin
in logarithmic age contains more and more clusters, the MF is sampled to higher
masses, so the upper envelope of the masses increases as a function of logarithmic
age. This is a size-of-sample effect, i.e. the more clusters that you have in a
population, the more the underlying distributions (in this case mass) are sampled.
This effect impacts a number of population properties.
For example, Hunter et al. (2003) used the upper envelope increase in the log
age vs. log mass diagram to constrain the index of the mass distribution of clusters
in the Magellanic Clouds, and found it to be slightly steeper than the nominal −2
index typically found for cluster populations. Gieles & Bastian (2008) extended
this analysis and showed that the increase of the upper envelope is controlled by
the index of the mass function and cluster dissolution. Their analysis showed that
the high mass clusters in a sample of seven galaxies are not rapidly disrupted.
Whitmore (2003) showed that the strong relation between the number of clus-
ters in a given population (brighter than a given magnitude limit) and the magni-
tude of the brightest cluster can be well explained by a size-of-sample effect, and
like Hunter et al. (2003), found that the implied underlying mass function of the
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Fig. 3. Different representations of the same synthetic cluster population (constant clus-
ter formation rate, power-law MF). On the left the ages are plotted in linear units,
whereas in the right panel they are plotted in logarithmic units. Note that in the right
panel it appears that there are more older clusters, but this is simply due to the plotting
choice and is not physical. Also note the increasing envelope of cluster mass as a function
of increasing age in the right hand panel. This shows a size-of-sample effect. (Made after
Fig. 1 of Gieles et al. (2006a))
clusters was steeper than the nominal −2.
An additional feature of the size-of-sample effect is that galaxies with higher
star-formation rates (SFRs) form more clusters, which sample the underlying mass
function to higher values. This results in a relation between the SFR of the host
galaxy and the magnitude of the brightest cluster within the sample (e.g. Larsen
2002). By building synthetic cluster populations, like that of Fig. 2, Bastian (2008)
showed that the observed SFR vs. MbrightestV relation could be reproduced if ∼ 8%
of stars are formed in clusters that survive for more than 5−10 Myr. Additionally,
they found a slightly steeper mass function than the nominal −2, something that
all studies focussing on the brightest (most massive) clusters seem to find. We will
return to this point in Section 2.5.
2.5 Mass Distributions
The distribution of cluster luminosities and masses has recently been reviewed
at length in Adamo & Bastian (2016). To briefly summarise, the mass functions
of clusters can be well described, over most of the mass range, as a power-law
Ndm ∝ m−αdm with α = 2.0±0.3. This extends continuously from a few hundred
solar masses (or less), as observed in the Milky Way (Piskunov et al. 2006) and
nearby galaxies such as the LMC (Baumgardt et al. 2013), the SMC (de Grijs &
Anders 2006) and M31 (Fouesneau et al. 2014), up to ∼ 105 or 106 M in nearby
spirals (Chandar et al. 2010; Konstantopoulos et al. 2013) and starburst galaxies
(Whitmore et al. 2010).
At the high mass end, many cluster populations display a truncation in the
mass functions, at a mass that depends on their host environment (Gieles 2009;
Larsen 2009; Bastian et al. 2012). The cause of the truncation is likely to be found
in the ISM properties of the host environment (e.g., Kruijssen 2014).
YMCs and Their Populations 11
In Fig. 4 we show the cluster MFs (for ages between 3 − 100 Myr) for two
different fields in M83 (Bastian et al. 2012), an inner field near the galaxy centre
and an outer field adjacent to this further radially away (these fields correspond
to Fields 1 and 2 in Silva-Villa et al. 2014). Both populations show a power-law
type behaviour at low masses, but both also show a truncation at high masses,
with the truncation mass being higher in the inner region than the outer region.
To highlight the statistical significance of the truncation, we also show the results
from a series of Monte Carlo simulations with a pure powerlaw MF and the same
number of clusters as the observations. In both cases the lack of higher mass
clusters appears to be real. Adamo et al. (2015) have further investigated this
trend with M83 by including an additional 5 HST/WFC3 pointings to search for
radial trends and confirm these results based on a much larger sample of clusters.
Freeman et al. (in prep.) have investigated the link between the truncation mass in
clusters and that found for GMCs based on ALMA observations, and find that the
GMC mass function also displays a truncation. They find that the most massive
GMC is about a factor of 100 more massive than the most massive cluster within
the same radial bins.
It is worth noting that techniques to measure the MF index using the high
mass end of the distribution tend to derive indices steeper than studies that use
the main body of the MF (i.e. measure the MF directly through a histogram).
This is consistent with the idea of a truncation or steepening at the high mass
end.
Some theories for the destruction of young clusters due to gas expulsion have
predicted that the MF of clusters should display clear features. For example,
clusters below a given mass may be unlikely to form high mass stars, and hence
would not suffer from the rapid gas expulsion hypothesised to fully destroy clusters
(e.g., Boily & Kroupa 2003). Boily and Kroupa (2003) predicted a peak around
103 M in the MF of young clusters due to this effect. Current observations
are clearly at odds with this prediction. The most detailed work to date on this
has been done by Fouesneau et al. (2014) on the M31 cluster population, using
stochastically sampled SSP models, which are essential to use at these low masses.
They found a power-law MF with an index of −2 down to ∼ 500 M, with no
evidence for the strong features predicted by Boily & Kroupa (2003).
This is another argument, in addition to those reviewed in Longmore et al. (2014
- see also § 2.1), against the notion that gas expulsion and the subsequent disso-
lution is a key feature of young cluster populations.
2.6 Age Distributions and Cluster Dissolution
As with the mass distribution of young clusters, the age distribution and cluster
dissolution has recently been extensively reviewed by Adamo & Bastian (2016).
Here, we will only summarise the main conclusions/context from that work.
The age distribution of clusters carries a tremendous amount of information
about the population; its formation history (in principle over the entire galactic
lifetime) as well as the rate of cluster dissolution over the same period. Observa-
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Fig. 4. The distribution of cluster masses with ages between 3 and 100 Myr in two
fields within M83. Filled (red) circles represent the observations for each field. The lines
denote the results of a series of Monte Carlo simulations that adopt the same number
of clusters as the observations (only those used in the figure) for a pure power-law mass
distribution with an index of −2 and no upper mass truncation. The solid line shows
the median mass expected, while the dashed and dotted lines enclose 50% and 90% of
the simulations, respectively. Note that both the inner and outer field distributions are
inconsistent with the pure power-law case and require a truncation in the mass function
at high masses. Figure taken from Bastian et al. (2012).
tions of cluster populations in post-starburst galaxies like NGC 7252 (e.g., Miller
et al. 1997; Schweizer & Seitzer 1998), NGC 1316 (Goudfrooij et al. 2004) or
M82 (e.g., Konstantopoulos et al. 2009) clearly demonstrate that during major
star-forming events, large populations of YMCs are formed. Hence, it was clear,
relatively early on in studies of YMCs, that they had great potential in determining
the star-formation history of a galaxy.
However, an additional effect that can strongly alter the observed distribution
of cluster ages is that of cluster dissolution, as clusters can lose stars to their
surroundings due to two-body relaxation and gravitational interactions with the
surrounding environment (e.g., galactic tidal field, GMCs, spiral arms, etc). Ad-
ditionally, some clusters may become entirely destroyed due to these processes.
Theoretically, the evolution of a cluster, and its subsequent mass loss history,
is relatively well understood. Clusters with large numbers of stars (i.e., high
mass clusters) should be less prone to two-body relaxation (i.e., it will take them
much longer to dissolve than their lower-mass equivalents - e.g., Baumgardt &
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Makino 2003), and dense clusters are less affected by e.g., GMC passages (e.g.,
Spitzer 1987; Gieles et al. 2006b). Hence, the expectation is that more massive
clusters should live for longer and that clusters in relatively weak tidal fields or in
gas-poor regions should also live longer.
For a mass limited sample, we would then, for a constant cluster formation rate,
expect the age distribution to be largely flat at young ages and then begin falling
off at older ages as clusters lose mass and are disrupted. However, observationally,
there has been a lot of debate regarding the form of age distributions within
galaxies.
Some works, e.g., Fall et al. (2005); Whitmore et al. (2007) and Chandar et
al. (2010) have argued for a quasi-Universal, environmentally independent age
distribution, which is dominated by rapid cluster dissolution. In this scenario,
large fractions (up to 90%) of clusters are destroyed every decade in age, meaning
that if there are 1000 YMCs with ages of ∼ 10 Myr, only 100 will survive to an age
of 100 Myr, and only 10 clusters will survive to an age of 1 Gyr. This empirical
model was originally based on the Antennae galaxies, however it has also been
suggested to apply to the Milky Way open clusters, the LMC and the SMC cluster
populations (e.g., Whitmore et al. 2007). However, applying the cluster population
model of Whitmore et al. (2007) to the Antennae galaxies, leads to a prediction
that the current SFR should be above 250 M/yr, in clear contradiction to the
observed ∼ 20 M/yr.
Part of the reported rapid decrease appears to be due to sample selection, i.e.
the inclusion of large fractions of associations in the youngest age bins (e.g., Bastian
et al. 2012) and, in the case of the Antennae, the questionable assumption that
the cluster formation rate has been constant. The catalogue used by Whitmore
et al. (2007) for the Galactic open cluster distribution was not mass limited (it
was distance limited which resulted effectively in a luminosity limited sample),
which explains the observed rapid drop (see Fig. 2). Mass limited studies of the
open cluster age distribution show the expected flat distribution for the first few
hundred Myr followed by a decrease due to disruption (e.g., Lamers et al. 2005;
Piskunov et al. 2006).
Silva-Villa et al. (2013) used a large survey of HST imaging of the nearby face-
on spiral galaxy, M83, to study the age distribution of the cluster population as
a whole, as well as within seven individual regions within the galaxy. They found
that the age distribution varied strongly between the different regions, being quite
steep in the inner regions, where disruption is expected to be strongest, and be-
coming shallower at large galactocentric radii. This is in good agreement with
theoretical expectations and argues against a quasi-universal cluster age distribu-
tion.
Perhaps the best study to date has been carried out on the nearby galaxy
M31, based on the Panchromatic Hubble Andromeda Treasury (PHAT) survey
(Dalcanton et al. 2012; Johnson et al. 2015). Fouesneau et al. (2014) studied the
age distribution of the clusters, where the ages, masses and extinctions had been
estimated through a Bayesian analysis using stochastically sampled stellar IMFs,
and found, as expected for this relatively weak tidal environment (and gas-poor),
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no evidence for a rapid decline in the number of clusters as a function of age. They
concluded that cluster disruption has not significantly affected the population of
this galaxy.
Similar results, based on publicly available catalogues, although with tradi-
tional fitting methods (i.e., non-stochastically sampled stellar IMFs), have been
found for the LMC (Baumgardt et al. 2013) and SMC (Gieles et al. 2007; de Grijs
& Goodwin 2008), where neither galaxy shows evidence for strong cluster mass
loss. This is expected given their relatively weak tidal fields and low gas densities.
While there has been quite a debate in the literature on the form of the ob-
served age distribution of clusters, much of the debate was caused by differences
in selecting the cluster sample, as well as the assumptions going into the analysis
(i.e. a constant cluster formation rate for a starburst galaxy like the Antennae).
When well defined cluster samples are used, which are mass limited, and proper
fitting of the resulting age distribution is undertaken, it is now clear that cluster
disruption does not lead to a quasi-universal distribution, but is in fact strongly
environmentally dependent. This is in agreement with theoretical expectations of
YMC populations and their evolution.
2.7 Profile and Radius Distributions
In addition to properties such as age and mass, another fundamental property of
stellar clusters is their structure; how the stars are distributed within the host
cluster. While all clusters are centrally concentrated and the stellar density falls
off with radius, they show relatively large variations in the basic structures, both
in terms of their overall size and in how flat or steep their profiles are. Old globular
clusters are often observed to have a truncation at large radii, the tidal radius,
which is thought to be due to the tidal field of the host galaxy. A comparison
between the profiles of YMCs and GCs, along with a general description of the
types of profiles observed/fit, can be found in Schweizer (2004).
In a pioneering study, Elson, Fall & Freeman (1987) found that the luminosity
profiles of YMCs in the Large Magellanic Cloud (LMC) were best reproduced by
a power-law profile/envelope, with no evidence of a turn-down or truncation at
large radii. They fit profiles of the type: I(r) = I0(1 + r
2/a2)−γ/2, where r is the
distance from the cluster centre and a is a characteristic radius. This type of profile
is known as an EFF profile. One explanation for the differences observed between
the old GC and YMC profiles is that all clusters may be born with power-law
profiles which are subsequently truncated by the tidal field as the cluster evolves.
The authors found a range in γ values between 2.1 and 3.35. In subsequent work
authors have often defined α = γ/2, for simplicity. It is important to note that
as one approaches or goes lower than α = 1.0 the effective radius of the clusters
becomes undefined, as there is infinite area under the profile.
Ma´ız-Apella´niz (2001) studied a sample of 27 young clusters and associations
in HST imaging and quantified their structures. The author found that the sample
could be split, roughly into two groups: young massive clusters and “scaled OB-
associations”. The difference between the two was that clusters had a centrally
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concentrated core whereas no such core was visible in the associations. However,
some clusters had extended halos which could mimic that of a surrounding asso-
ciations, whereas others appeared to not have such a clear halo. These results are
similar to those discussed in § 2.1, highlighting the difficulty in defining a com-
plete cluster sample at young ages, due to contamination of the sample due to
associations.
The diversity in the profiles of YMCs can be seen by comparing those of
NGC 3603 and R136, two clusters with similar ages, masses and densities. NGC 3603
appears to have a truncation in its profile at about ∼ 1 pc, at least in terms of its
massive star content (Moffat et al. 1994). Conversely, R136 has a relatively shal-
low power-law profile (even of its massive stars) that extends beyond 50 pc, and
merges seamlessly into the surrounding association (e.g., Mackey & Gilmore 2003;
Campbell et al. 2010). The youth of these clusters, and similarities of their other
properties, suggest that their profiles reflect their formation and not any subse-
quent evolution.
Larsen (2004) presented one of the first systematic studies of the structure
of extragalactic YMCs, using a sample of clusters in 18 nearby spiral galaxies
observed with the Hubble Space Telescope. He measured the structure of the
clusters using the custom code ISHAPE (Larsen 1999) which combines the camera
point-spread function (PSF) with analytical cluster profiles and compares this
to the observed clusters on the images. For each cluster he could estimate the
cluster’s core radius and profile slope (i.e., a measure of how shallow or steeply a
profile falls off with radius, i.e., α in the above definition), which can be combined
to estimate the effective radius, Reff(the radius containing half the light of the
cluster - in projection). He found that the Reff distribution of the clusters has a
peak near ∼ 3 pc, and a tail that extended to > 15 pc.
The cluster sample analysed in that work also showed a significant number
of clusters with extremely shallow profiles (α < 1), meaning that their effective
radii were infinitely large. Hence, if one wants to have an estimate of the effective
radius, for example in order to estimate the dynamical mass of the cluster, one
must artificially truncate the profile at a given, hopefully physically justified, radius
(e.g., Larsen et al. 2001).
The author also noted an important problem with studying cluster sizes, that
many of the very young clusters (< 10 Myr) were located in crowded environments.
This means that due to contamination by the light of their neighbouring clusters, it
can be difficult or impossible to accurately determine their structural parameters.
Another result of Larsen (2004) was that the clusters did not display a strong
mass-radius relation, in particular that if such a relation existed it was much shal-
lower than M ∝ R1/3. This is important as it shows that higher mass clusters
have, on average, larger densities. Some disruption effects, like gravitational shock-
ing from passing GMCs, are dependent on the cluster density, hence the observed
distribution shows that such mechanisms should also be dependent on the cluster
mass.
Ryon et al. (2015) have recently studied the structural properties of the cluster
population of M83. They also found a peak in the Reff distribution at ∼ 2.5 pc
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and a peak in the core radius distribution near 1.3 pc. In both distributions there
was a trend observed with age, with young clusters having on average smaller core
and effective radii. The authors also attempted to find evidence for an evolution
of the cluster profile, i.e. the turning of an initial power-law luminosity profile
into a truncated King-type profile. No clear evidence of a steepening of the profile
with age or galactocentric distance was found. Some of the distributions found by
Ryon et al. (2015) are shown in Fig. 5.
Ryon and collaborators also investigated how the effective radius of clusters
varied as a function of other properties. For example, they found that the mean
Reff increased as a function of galactocentric distance, but that this was likely due
to the intrinsic Reff vs. age relation, and the fact that the mean age of clusters
increases as a function of distance from the galactic centre (due to cluster disrup-
tion being more efficient in the inner regions). For younger clusters (< 100 Myr),
there did not appear to be a strong mass-radius relation in the sample. This
is in agreement with the earlier study of Larsen (2004) and, as discussed above,
has important implications for cluster disruption processes. For older clusters,
100− 300 Myr, a mass-radius relation appears, consistent with a constant density
(statistically, although the range of masses for a given radius was quite large).
The authors also estimated the Jacobi radii for their sample in order to estimate
if the tidal field of the galaxy was influencing the cluster population. They found
that the population was mixed, with some clusters being tidally limited while
others were under-filling and hence were not directly influenced by the tidal field.
However, GMC interactions can significantly affect clusters whose profiles are not
tidally limited. The authors conclude that mass loss due to stellar evolution and
interactions between the clusters and passing GMCs (and the subsequent cluster
expansion) were the dominant evolutionary processes affecting the population.
Bastian et al. (2013c) studied the structural properties of some of the most
massive YMCs known, focussing on the population of NGC 7252, which contains
a number of clusters with masses well in excess of 106 M, including one cluster,
W3, with a mass near 108 M (Maraston et al. 2004; Cabrera-Ziri et al. 2016a).
The clusters’ profiles were best fit with EFF type profile, and two of the clusters
(W3 and W30) had profiles extending beyond 300 pc from the cluster centre.
They also found a number of other massive clusters in the literature (see also
Schweizer 2004) with very extended profiles, although most others could not be
traced to such large distances.
2.8 Cluster Complexes
Young clusters are often not formed in isolation, but tend to form spatially (and
temporally) near other clusters. This is thought to be due to the hierarchical
nature of the interstellar medium from which clusters form (e.g., Efremov &
Elmegreen 1998). As a Galactic example, the Carina nebula regions contains
a number of YMCs within it, along with a large field population, all within a
10− 20 pc region (e.g., Preibisch et al. 2011).
The same applies even in starburst galaxies. Zhang et al. (2001) quantified the
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Fig. 5. Left panel: The core radius distribution of clusters in the M83 sample found
by Ryon et al. (2015), limited to clusters with η = α > 1.1. The lines show the best
Gaussian fits to the histogram. Right panel: The effective radius distribution for the
sample. The top panel shows the distribution found with clusters with well constrained
profiles (η = α > 1.3 - i.e. the best fit sample with the lowest uncertainties) and the
lower panel that includes some clusters with less well constrained profiles (η = α > 1.1).
degree of association of young clusters using the auto-correlation function for a
sample of YMCs in the Antennae galaxies. Confirming what can be seen by eye
on the images, they confirmed that the YMC spatial distribution was not random,
but that YMCs tend to be found in regions containing other YMCs. They applied
their method to CO clouds (the progenitor sites of YMC formation) and found
similar results. They also looked at older cluster samples and found that the
correlation dropped significantly with time, i.e. that clusters dispersed from their
natal environment over timescales of 10s to 100s of Myr.
Bastian et al. (2005) studied a sample of cluster complexes in M51, and found
that unlike individual clusters, cluster complexes followed a clear mass-radius re-
lation, going as M ∝ R0.5. This relation is very similar to that found for GMCs
in the same galaxy, suggesting that the complexes keep some of the properties
of their host cloud, whereas the individual clusters have sizes that appear to be
essentially independent of their mass. This potentially could be a reflection of the
chaotic birth environment within massive YMCs.
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2.9 The Fraction of Stars Forming in Clusters
As discussed in § 2.1 the definition of “cluster” can vary between authors and lead
to very difficult conclusions if consistent terminology is not employed. Another
case in point is that of the fraction of stars that form in clusters. If by “cluster”, an
investigator is referring to an over-density of young stars relative to the field, then
nearly 100% of stars form in clusters, i.e. very few stars form in total isolation.
This fraction is drastically reduced if one looks at gravitationally bound clusters,
i.e. where associations have been specifically removed either by studying slightly
older cluster populations (> 10 Myr) or for younger populations based on their
morphology.
The fraction of stars that form in clusters (known as Γ - Bastian 2008), and its
dependences on the ambient environment has recently been reviewed in detail in
Adamo & Bastian (2016). Here we will just summarise the main points. For most
quiescent spirals and star-forming dwarf galaxies, Γ is between 3−15% (e.g., Ryon
et al. 2014). For starburst galaxies this can increase to nearly 50%. However, this
increase does not appear to be directly linked to the SFR of the host galaxies,
but rather to the intensity of the starburst event, i.e. on the SFR surface density
(ΣSFR - the SFR per unit area), with more intense star-forming events forming a
higher fraction of their stars in clusters (e.g., Larsen & Richtler 2000; Adamo et
al. 2011; Kruijssen 2012). Due to the dependence on ΣSFR, Γ also varies within
galaxies, as seen by the relative steep drop from the centre of M83 (Γ ∼ 26%) to
the outer regions (Γ ∼ 8% - Adamo et al. 2015).
3 Stellar Populations within YMCs
The lectures in this volume by Estelle Moraux thoroughly cover what is known
about the stellar populations within open clusters, focussing largely on the form of
the stellar initial mass function (IMF) within them. We also point the interested
reader to the recent review on the IMF by Offner et al. (2014) which covers many
of the observational constraints in clusters as well as a review of the theories for
the origin of the IMF. One of the big questions about YMCs, when they were first
detected and studied in detail, is do they have the same kind of IMF, or is the
star-formation process somehow different in these extreme environments?
First, it is worth stating that the present day mass function within GCs, which
due to stellar evolution over the past 10-13 Gyr, only extends up to ∼ 0.8 M, is
consistent with the IMF inferred for the field and the young lower mass/density
open clusters, once the effects of dynamical evolution are taken into account. The
interested reader is referred to the reviews of Chabrier (2003) and Bastian et
al. (2010) for an extended discussion of the IMF and present day stellar MF of
GCs.
For a handful of YMCs in the Galaxy or nearby galaxies, it is possible to resolve
the clusters into the constituent stars and (more or less directly) infer the present
day mass function (PDMF) of the cluster. If one assumes little dynamical evolution
of the cluster, the PDMF can be taken as the IMF, modulo stellar evolution at
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the high mass end. While, to date, the IMF has not been studied down to sub-
solar masses, the upper end of the IMF is generally well approximated by a single
power-law, with a slope similar to, or shallower than a Salpeter (1955) index (e.g.,
Kim et al. 2006; Andersen et al. 2009). Hence, like in less extreme environments,
there are many more lower-mass stars than higher mass stars.
However, many resolved studies have also found evidence that the measured in-
dex of the high-mass portion of the IMF is shallower than expected from a Salpeter
type distribution. Most results have found that in the inner regions of clusters the
IMF is shallower than in the outer region. This is known as mass segregation, i.e.
a preference for the high mass stars to be located in the centre of the cluster. Due
to observational effects, great care must be taken in interpreting these results, as
most selection effects push the observer to measure a shallower slope in crowded
regions than in less crowded regions (e.g., Ascenso et al. 2009). For very young
clusters, that still contain significant structure in the spatial distribution of stars,
mass segregation is even harder to quantify (e.g., Parker & Goodwin 2015). How-
ever, in many cases such segregation can be taken to be reasonably certain (e.g.,
for Westerlund 1 - Gennaro et al.2011).
If such segregation was primordial in nature, i.e. if the cluster was born with
a radially varying IMF, this would be a clear indication of the non-universality
of the IMF, implying that the environment does affect the type of stars that are
born in a given volume, at a given time. However, even for very young clusters,
such mass segregation, can in principle be due to dynamical processes, namely the
merging of sub-clumps (e.g., McMillan et al. 2007; Parker et al. 2014).
We can also get a somewhat cruder measure of the IMF in more massive extra-
galactic clusters by estimating their dynamical masses, through measuring their
effective radii and velocity dispersions and applying the Virial theorem. We can
then compare the measured mass-to-light ratio (M/L) of the clusters to predictions
from simple stellar population models for the appropriate age. One of the impor-
tant ingredients to the SSP models is the underlying stellar IMF, so we can vary
that until we get a good agreement between the observed and modelled cluster.
This has been done for approximately ∼ 20 YMCs (ages between 5 Myr and 3 Gyr
- see the compilation by Bastian et al. 2006). Younger clusters (< 20 Myr) tend to
have higher M/L ratios than model predictions, although this is likely due to the
fact that high mass stellar binaries tend to artificially inflate the inferred velocity
dispersion (Gieles et al. 2010). However, with one exception (M82-F, see Smith &
Gallagher 2001 and Bastian et al. 2010 for a detailed discussion of this cluster) all
the other clusters are consistent with a Chabrier or Salpeter type IMF. However,
large variations in the underlying stellar IMF are not consistent with the data.
Hence, it is still unclear whether the stellar IMF does vary systematically as
a function of environment. However, extreme variations, as had been previously
suggested (i.e. no stars in a population below say 2 or 3 M) can confidently be
excluded. More subtle variations may still be hiding due to the relatively large
error bars associated with these studies.
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4 Linking YMCs to the Ancient Globular Clusters
Ever since the discovery of young clusters with masses and densities that are
similar to, or even exceed, those of the ancient globular clusters, there has been
debate about whether YMCs are merely a younger version of GCs or if the ancient
clusters are fundamentally different. If YMCs are simply GCs forming today, then
they can offer unprecedented insight into GC formation and evolution, due to their
proximity. In this perspective, the differences observed between YMCs and GCs
merely reflect a Hubble Time’s worth of evolution, both in the cluster’s properties
(i.e., mass and density) but also in their location relative to their host galaxies.
4.1 Mass Functions and Migration
One of the clear differences between YMC and GC populations is their underlying
mass functions. YMCs have a power-law type distribution that continues from
the completeness limit (usually between 103 − 104 M for most studies) to high
masses (with a potential truncation at high mass that appears to be galaxy depen-
dent - see Adamo & Bastian 2016 for a detailed review). GCs, on the other hand,
have a log-normal distribution both in spirals like the Milky Way (e.g., Gnedin &
Ostriker 1997) to massive early type galaxies like those in the Virgo cluster (e.g.,
Jo´rdan et al. 2007). If GCs are nothing but the evolved cousins of YMCs, this
implies that the majority of the initial clusters have been destroyed, primarily the
lower-mass clusters (e.g., Elmegreen & Efremov 1997). There have been many
claims in the literature for “turn-overs” in a YMC mass function due to the pref-
erential destruction of lower-mass clusters, however, it is a difficult measurement
to make, as selection effects also can cause a turn-over (see Smith et al. 2007 for
a demonstration of such a surface-brightness effect that can cause a turn-over).
Probably the most robust case for a turn-over in the MF of a young/intermediate
age population is that of the 3 Gyr post-merger galaxy, NGC 1316, where Goud-
frooij et al. (2004) found a turn-over for clusters near the galactic centre whereas
the population far from the centre of the galaxy was consistent with a pure power-
law MF.
Fall & Zhang (2001) modelled the Galactic GC population, starting with a
power-law (or Schechter) mass function and included the effects of two-body re-
laxation and the tidal effects of the host galaxy. The authors were able to turn the
original power-law to a log-normal distribution. However in so doing, they had to
make a series of assumptions that limit the applicability of the result. First, they
assumed that the current potential of the Milky Way has always been as it appears
today, i.e., they did not include the hierarchical buildup of the galaxy. Secondly,
in order to make the mass-loss from tidal effects strong enough they needed to put
many clusters on highly elliptical orbits, essentially giving most clusters the same
peri-galactic distance. Their model also led to a prediction that the peak of the
mass function should vary with Galactocentric radius, with the peak shifting to
lower masses at further distances. This is at odds with observations that shows a
near universal peak (e.g., Jo´rdan et al. 2007).
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Recently, Gieles & Alexander (2015) have expanded on this type of model,
using the fast GC population code EMACSS (Evolve Me A Cluster of StarS). They
used the current mass distribution of GCs and inverted the problem, to infer the
most likely form of the initial mass function of GCs. The code includes relaxation,
stellar evolution, tidal effects and changes in the cluster size with time. The
authors conclude that the initial mass function of GCs was not similar to that seen
for YMCs, but must have been significantly shallower, and that it was not possible
to end up with a near-universal mass function of GCs if they began with a power-
law type distribution. One effect that was not included in the simulations was
that of cluster mass loss due to interactions between the galactic ISM (especially
in the gas-rich birth environment of GCs) and the clusters.
In the discs of spiral galaxies today, the largest killer of clusters is not the
tidal field of the host galaxy, but is rather “tidal shocking” between GMCs and
young clusters (e.g., Gieles et al. 2006b). GCs likely did not form in their current
positions in the halo, but more likely formed in the discs of gas rich proto-galaxies
and subsequently migrated to their current positions due to galaxy interactions
and mergers. This effect was first explored in Elmegreen (2010). The author found
that in the high gas density/pressure environment where GCs are thought to have
formed, that indeed interactions with the surrounding gas could disrupt a signifi-
cant fraction of clusters on short timescales (tens of Myr). This effect then could
remove large fractions of the low mass clusters of an initial population. If, however,
the cluster was able to migrate to an area of lower gas density/pressure the proto-
GC would stand a much higher chance of survival (e.g., Kruijssen et al. 2011).
Since, all GCs likely formed in similar gas rich environments, it is thought that
such rapid cluster destruction could lead to a largely universal, log-normal type
mass distribution, i.e. similar for spirals, dwarfs and early type galaxies.
This idea has recently been further developed by Kruijssen (2015) who used
merger trees from cosmological dark matter only simulations with recipes for the
locations and properties of proto-GC formation. The author found that the vast
majority of mass loss within a cluster population (and hence cluster dissolution)
was during this early gas rich phase, and that the subsequent evolution of the
surviving GCs (i.e. those that were able to migrate to the halos of their host
galaxies) was only a minor component of the cluster mass loss, i.e. that tidal
effects and two-body relaxation were minor players in the destruction of clusters.
This idea is particularly exciting, as it can explain, rather naturally, the near-
universal turn-over of the GC mass function, and why even low mass dwarfs do
not contain many clusters below 105 M. If tidal disruption was the dominant
mass-loss mechanism then in low mass dwarfs, which have weak tidal fields, one
would expect that their full cluster population (even the low mass clusters) would
still be present. However, with an early gas rich phase of cluster mass loss, in most
environments that can form GCs, the majority of low mass clusters will be rapidly
disrupted. The next step in exploring this idea is full simulations, including the
formation and subsequent evolution of proto-GCs in full hydrodynamical simula-
tions of galaxy formation and evolution. While it remains unfeasible to resolve
individual GC formation and follow their evolution through N-body simulations,
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it can be done in a sub-grid manner and calibrated by N-body models. Currently,
this is being explored by a number of groups, e.g., Pfeffer et al.; Kruijssen et al.
and Renaud et al. (in prep.).
One observation that is potentially at odds with this interpretation is that of
the relative fraction of metal poor stars in the field and in clusters in the dwarf
spheroidal Fornax galaxy. Larsen et al. (2012) found that below a metallicity of
[Fe/H]= −2, GCs contained between 20− 25% of all the stars. As the five known
GCs in Fornax are all relatively high mass (∼ 105M - with a distribution not
unlike that of the MW GCs), then if the mass function (MF) of the young GCs
was a pure power-law, then all of the low mass clusters must have been dissolved
and should be located in the field. For a power-law MF with an index of -2,
and a lower mass limit of 100 M, this means that three-quarters of all the stars
initially within GCs have been returned to the field (assuming that all clusters
with masses above 105 M are still alive and have not lost significant fractions
of their initial mass). Hence, even under the extreme assumption that 100% of
all stars formed in clusters in this galaxy, the observations are in tension with
predictions, potentially suggesting that the GCs in Fornax were not born with a
power-law MF. There are a number of uncertainties in the above calculations, and
the predictions/observations can be uncertain to within a factor of 2 or 3, so there
is still some room to make the GC distribution consistent with YMCs, but further
observations (e.g., Larsen et al. 2014) of GCs in dwarfs is making this more and
more difficult.
4.2 Including GCs/YMCs in Galaxy Formation/Evolution Simulations
As GCs are some of the oldest luminous structures in the Universe, their formation
and evolution must be intricately linked to the formation and subsequent evolution
of their host galaxies. We refer the interested reader to the review of Brodie &
Strader (2006) for an overview of the use of GCs to trace galaxy formation and
evolution.
While it appears to be straightforward to associate the formation of a globular
cluster population with the formation of the underlying stellar component of the
galaxy, a number of works that have attempted to trace the formation and sub-
sequent evolution of GCs within cosmological simulations have not been able to
reproduce the observed properties (e.g., Beasely et al. 2002). One of the recurring
problems is the difficulty in reproducing the observed bi-modality metallicity dis-
tribution of the Milky Way globular cluster population (e.g., Harris 1996) without
invoking an ad-hoc truncation in the epoch for the metal poor globular cluster
formation. Other problems with such attempts have recently been reviewed in
Kruijssen (2014).
Early work in including GCs in cosmological simulations often relied on dark
matter only simulations, which included star-formation and cluster formation/evolution
in a semi-analytic way. As simulations improved (e.g., Kravtsov & Gnedin 2005),
they allowed one to follow the formation of a Milky Way type galaxy, including
baryonic physics (resolving the location of where GCs form) but generally did not
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include cluster disruption effects. Other advances in our understanding of the for-
mation of GC populations can be found in e.g., Muratov & Gnedin (2010) and
Tonini (2013; and reference therein).
But for the present review we focus on the inter-relation between GCs and
YMCs. In particular, we want to include what is now known about YMC forma-
tion, their scaling properties with the host galaxy environment, and their subse-
quent evolution, to be able to track where GCs formed and how they evolved.
On this side of the problem, there has been significant progress made in us-
ing GCs to trace the buildup of galaxies. A recent example is that of Mistani et
al. (2016). They used the Illustris cosmological simulations to study a sample of
dwarf galaxies in a galaxy cluster and also in the field. They selected a sample of
dwarfs with the same mass in both environments, and found that while the galax-
ies had the same final stellar mass, their star-formation histories (SFH) differed
considerably. The average dwarf in the galaxy cluster formed its stellar mass early
on through a starburst as it entered the galaxy cluster, whereas the field dwarf
formed its stars in a more continuous fashion. As discussed above, the intensity
of how stars form can affect the type of clusters formed and even the fraction of
stars that are forming in clusters. In intense starbursts, a higher fraction of stars
are formed in clusters, as well as leading to a better sampling of the underlying
cluster mass function (i.e., more massive clusters are likely to be formed). Hence,
Mistani et al. conclude that dwarfs in clusters should have more GCs (i.e. higher
mass surviving clusters) than dwarfs in the field. This is exactly what is observed
(e.g., Miller & Lotz 2007).
Pfeffer et al. (in prep.) and Kruijssen et al. (in prep.) have included the
formation, evolution and destruction of YMCs (i.e. proto-GCs) in the EAGLE
hydrodynamic simulations of galaxy formation and evolution (Schaye et al. 2015).
The simulations include the effects of the ISM on the type of YMCs that form (i.e.,
in high ΣSFR environments the cluster mass function is sampled to higher masses,
and the truncation mass is linked to the Toomre mass of the host galaxy) as well
as the effect of GMCs in destroying the young clusters, cluster migration out of
the cluster-forming environment, two-body relaxation in the clusters as well as the
effects of mass loss due to the tidal field. Additionally, the fraction of stars that
form in clusters is also explicitly tied to the conditions of the host galaxy, with
low ΣSFR dwarfs forming only a few percent of their stars in clusters to starbursts
forming ∼ 50% of their stars in clusters.
The epoch of formation, metallicity, and location of each forming cluster “par-
ticle”4 is required, and their location is tracked in time. By running zoom simu-
lations of the formation of different galaxy types, from Milky Way types, to early
type galaxies and dwarfs, as well as environment (i.e., groups/clusters/isolated)
it is possible to explicitly test the simulations against the wealth of observations
available for GC populations and their relation to their host galaxy (see the review
by Kruijssen 2014).
4The “clusters” are treated as star particles in the simulations, and their evolution is tracked
in a sub-grid manner.
24Stellar clusters: benchmarks of stellar physics and galactic evolution - EES2015
While still in early development, such simulations offer a huge promise to elu-
cidate the co-formation/evolution of GCs and their host galaxies.
4.3 Multiple Populations
The lectures by Corinne Charbonnel in this volume nicely introduce the topic of
multiple stellar populations within GCs. Briefly, it is now clear that most GCs
display star-to-star abundance variations, with only some elements (such as O,
C, N, Na, Al, He) varying while others (Ca, Fe) remaining constant within the
observational errors. It is these abundance variations that cause the complex
CMDs observed in GCs, when the appropriate filters are used (e.g., Piotto et
al. 2015). It should be emphasised that age differences or metallicity differences
between the stars (stellar populations) are not the underlying cause of the features
observed in high-resolution CMDs. Age spreads of a few 10s of Myr may exist
within the clusters, as we simply do not have that kind of age resolution at the
ages of most GCs (∼ 10 Gyr and above). Hence, the observations are consistent
with no age spreads, although age spreads of up to ∼ 200 − 300 Myr could be
present within the uncertainties (Nardiello et al. 2015).
While it remains to be shown that YMCs and GCs share the same formation
mechanism, none of the scenarios put forward to explain the origin of multiple
populations (MPs) invokes any special mechanism that would only apply to GCs
and not to YMCs. The scenarios either implicitly or explicitly suggest that we
can use YMCs, those with the expected properties of proto-GCs, to search for
the predicted properties of multiple populations when GCs were of that age, i.e.,
multiple bursts of star-formation, large gas reservoirs, long proto-planetary disc
lifetimes (e.g., Sollima et al. 2013). There have been a number of works in the past
∼ 5 years that can be used to place tight constraints on the proposed scenarios.
For a recent compilation of the properties of clusters with and without multiple
populations, see Krause et al. (2016). Below we highlight some tests that have
been undertaken to use YMC properties to test models for the origin of multiple
populations within GCs
4.3.1 Testing the AGB Scenario
In this scenario, a 2nd generation of stars forms out of a combination of stellar
ejecta processed through high mass AGB stars and primordial material left over
from the formation of the 1st generation. There are two clear predictions of this
scenario that can be tested using YMCs; the first is that clusters in the age range of
30−200 Myr should be undergoing the 2nd generation of star-formation. Secondly,
in order to form the 2nd generation stars, these clusters should be gas rich, i.e.
contain the gas/dust necessary to form the 2nd generation stars.
Peacock et al. (2013) and Bastian et al. (2013b) searched for evidence of on-
going star-formation within YMCs in the appropriate age range (and with masses
extending from 104 − 108 M) by looking for line emission (i.e. Hβ or [OIII])
in the integrated light of the clusters. No clusters were found showing evidence
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of ongoing secondary star-formation. Similarly, Larsen et al. (2011) studied the
CMDs of six nearby extragalactic YMCs (105−106 M) and did not find evidence
of ongoing star-formation within them. Niederhofer et al. (2015) studied the re-
solved CMDs of slightly lower mass (few times 104−105 M) clusters in the LMC
and also did not find evidence for multiple bursts or extended SFHs predicted by
the AGB scenario.
Cabrera-Ziri et al. (2014) extended this type of study by estimating the star-
formation history of a 100 Myr, 107 M cluster, NGC 34-1, using a high-S/N
optical integrated light spectrum. The cluster was found to be best reproduced
by a single stellar population. Multiple bursts, as predicted in the AGB scenario
were found to be inconsistent with the observations.
Longmore (2015) showed that in the AGB scenario, at least in the simulations
of D’Ercole et al. (2008), the large reservoir of gas and dust that must be present
within the cluster in order to form the second generation will lead to extremely
high extinction values in the cluster centres. The cluster outskirts will be largely
unaffected (due to the strong central concentration of the gas/dust), so the lu-
minosity profiles of the clusters should show strong dips in their centres. This is
not consistent with observations of YMCs. Additionally, all or most YMCs should
appear severely reddened in their integrated colours, whereas many YMCs with
ages between 30-200 Myr are consistent with no internal reddening (e.g., Bastian
et al. 2013b)
Cabrera-Ziri et al. (2015) searched for gas/dust within 3 YMCs in the Antennae
galaxies using ALMA, and were able to place upper limits of 1−10% of the stellar
mass is present of gas/dust, in conflict with AGB model predictions.
To summarise, there is no evidence for multiple bursts of star-formation within
YMCs (with ages between 10-1000 Myr) or for the retention of gas/dust required
to form a 2nd generation (they appear to be gas free after 2-3 Myr, and no cluster
older than this has been found with significant amounts of gas within it). YMCs
appear to be extremely efficient at expelling any gas within them, and there is no
obvious reason to think that the same wouldn’t be true for the proto-GCs.
4.3.2 Testing the FRMS Scenario
In the Fast Rotating Massive Star Scenario, as explored in Krause et al. (2013), the
proto-GC is unable to expel large amounts of gas/dust left over from the formation
of the first generation of stars, for the first 20-30 Myr. This allows time for a 2nd
generation of stars to form in the excretion discs around rapidly rotating stars, and
primordial material is also accreted onto the disc (in order to match the observed
chemistry and to minimise the mass budget problem).
The predictions of this scenario have been tested by Bastian et al. (2014), who
searched for YMCs with ages less than ∼ 20 Myr that were gas free. If YMCs are
able to expel their gas on short timescales this would be in contradiction to the
Krause et al. predictions, and would make it difficult to have enough time to form
a 2nd generation within the allowed time.
Bastian et al. (2014) found a number of massive young clusters (> 106 M)
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that are gas free from a very young age (2−3 Myr). Many of the YMCs have blown
bubbles around them into the surrounding ISM, which can be used to estimate the
time when the cluster was able to expel any remaining gas within it. The authors
found that, independent of metallicity, YMCs were able to expel their gas within
< 2− 3 Myr after their formation.
Hollyhead et al. (2015) expanded this study to look at lower mass clusters
(104 − 105 M) in the nearby spiral galaxy M83. They found a similar timescale,
suggesting that independent of cluster mass, YMCs are extremely efficient at re-
moving any gas within them, over very short timescales (see Fig. 1).
Another way to test the FRMS scenario, is to see whether stars within YMCs
are in fact rotating very rapidly, i.e. near their breakup velocity. An implicit as-
sumption of this scenario is that stars in low density environments are not rotating
near their critical velocity, while stars in massive clusters are, or else we would see
the same chemical anomalies in the field. In the recent VLT-FLAMES Tarantula
Survey (VFTS - Evans et al. 2011), the rotation rate of hundreds of O and B
stars in the massive YMC R136 and the surrounding association were measured.
Contrary to the expectations of the FRMS scenario, most of the stars in the region
were slow rotators (80% rotate at < 20% of the breakup velocity) and the fastest
rotators were found outside R136 (Ramı´rez-Agudelo et al. (2013))
4.3.3 Testing the EDA Scenario
Bastian et al. (2013a) put forward a scenario for the formation of multiple popula-
tions in GCs that did not invoke multiple epochs of star-formation. Instead, they
used the discs around low-mass stars to act as nets, sweeping up enriched material
ejecta from rotating massive stars or interacting high mass binaries, which even-
tually accretes onto the low mass star. This is known as the Early Disc Accretion
scenario, and was largely constructed with the constraints of YMCs in mind.
One major assumption of this scenario is that the discs around low-mass pre-
main sequence stars can survive for ∼ 10 Myr within the dense environment of a
proto-GC. However, a number of effects can destroy such discs, namely interactions
with passing stars (e.g., de Juan Ovelar et al. 2012) or ionising radiation from
nearby massive stars (e.g., Scally & Clarke 2001). The fraction of stars with discs
in nearby YMCs, such as NGC 3603, does appear to be much lower than required
in the EDA scenario (e.g., Stolte et al. 2015). Hence, it appears unlikely that
this scenario can operate efficiently enough to explain the multiple populations
observed in GCs.
4.4 Mass is Not the Parameter Controlling Multiple Populations
It is often stated that cluster mass is the parameter which controls whether or
not a globular cluster hosts multiple populations or not. This idea comes from
the general dichotomy between globular clusters (which do host MPs) and open
clusters (which do not host MPs - e.g., Bragaglia et al. 2012). While there is not
clear evidence for mass being the critical parameter, it has proven to be a stubborn
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view that has not gone away.
Krause et al. (2016) compile a large list of clusters with and without MPs, as
well as their properties. There are a number of GCs with present day masses below
105 M that host MPs (e.g., NGC 6362 - Dalessandro et al. 2014). However, there
are a number of young/intermediate age clusters that do not show evidence of MPs
that have masses in excess of 105 M (e.g., NGC 1806 - Mucciarelli et al. 2014;
NGC 1846 - Mackey et al., in prep.). These two clusters are both ∼ 1.5 Gyr old,
and live in a relatively weak tidal environment, so they are not expected to lose
much mass between the present day and when they will reach the age of current
GCs.
Hollyhead et al. (in prep.) are extending this type of analysis to older (6 −
8 Gyr) Gyr clusters in the SMC, where the comparison between the present day
GC and the younger clusters’ masses is even more straightforward.
Fig. 6 shows the current status of surveys for MPs in massive clusters. As was
found in Krause et al. (2016), there is no clear cluster parameter that controls
whether it will host MPs or not. However, it is clear that a simple mass cut is not
consistent with the data5.
Further studies testing the extremes of the GC and nearby young/intermediate
age cluster populations are necessary to see which property, if any, controls whether
a cluster hosts MPs are not. Is it age, i.e. some cosmological effect? Birth
location/environment?
5 Summary
These lectures covered the main properties of YMCs and YMC populations in
nearby galaxies. While YMCs tend to be relatively easy to find and study in high-
resolution imaging, a number of selection effects, biases, and loose terminology
(i.e., defining what is meant by a “cluster”) have caused a lot of confusion within
the field. When studying populations, a very important tool in any observers kit
is the ability to create synthetic populations (i.e., with a given age distribution,
sampled from a mass function, and converted into observational colour/magnitude
space through conversion using SSP models). This allows one to check whether
observational effects are limiting the analysis, whether the sample contains enough
clusters for robust conclusions, and potentially able to suggest complimentary ways
to test the results.
There is now good agreement between the observed age distribution of clus-
ters within normal galaxies and that expected from theoretical models that in-
clude known disruption effects (two-body relaxation, tidal effects, encounters with
GMCs). Additionally, studies have begun to reveal how the host environment
affects the type of clusters that are formed (e.g., size-of-sample effects) and even
5While it is also common to assume that GCs lost substantial fractions of their mass (losing
more than 90 − 95% of their initial masses) in order to not violate the mass budget problem,
this is inconsistent with the observed properties of the Galactic GC system (e.g., Bastian &
Lardo 2015) and is contradictory to dynamical expectations (e.g., Kruijssen 2015).
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Fig. 6. Relative age vs. absolute magnitude MV for globular and open clusters. Filled
red symbols are GCs in the Milky Way (MW) and filled green triangles are GCs in the
LMC; where MPs have been detected. Crossed denote GCs where studies have claimed
that no MPs exist within the cluster. Open star symbols and open squares mark MW
and Sgr GCs, respectively, for which not enough data are available; open circles are
the old open clusters Ber 39 and NGC6791 that do not show the Na inhomogeneities.
Green empty triangles denote the intermediate age massive LMC clusters NGC 1806 and
NGC 1846 that also do not host MPs (Mucciarelli et al. 2014; Mackey et al. in prep).
Blue crosses indicate our GCs that have been suggested to not host MPs and the filled
star shows the position of Ruprecht 106 which does not host MPs and has been studied
in sufficient detail to detect them (Villanova et al. 2013). Superimposed are lines of
constant mass (adapted from Bragaglia et al. 2012). Figure courtesy of Carmela Lardo.
the fraction of stars that form in clusters. Putting these two pieces together we
are now in a position to develop relatively detailed models for the formation and
evolution of full cluster populations, from nearby galaxies to the ancient globular
cluster populations that formed at high redshift. This in turn offers significant
potential to use globular clusters to trace the formation and evolution of galaxies.
The proximity of YMCs in the nearby universe means that we can study their
formation and stellar populations in much more detail that we can ever hope to in
globular clusters. Hence, YMCs have proven extremely useful in testing theories
for GC formation, and in particular, the formation of multiple populations within
them. At the moment, none of the proposed scenarios for the multiple populations
observed in GCs is consistent with observations of YMCs. Individual YMCs appear
to be gas free within 2 − 3 Myr after formation and are extremely efficient at
removing any gas within them (i.e. gas ejecta due to stellar evolution) for their
entire subsequent evolution. This is likely the reason why there is no compelling
evidence for significant age spreads within YMCs, simply because they cannot
retain the gas necessary to undergo multiple generations of star-formation.
There are no obvious properties of YMCs that show that they are distinct
objects from GCs, but on the other hand there is also no result that shows unam-
biguously that they are indeed the same objects, merely separated by a Hubble
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time of evolution. One major step in that direction would be if the characteristic
property of GCs, i.e., multiple populations, were to be discovered, or ruled out,
in YMCs. This is going to be a particularly difficult measurement to make, and
studies to date have had to make assumptions in their comparisons, i.e., comparing
different stellar mass ranges in the YMCs (often > 15 M) to GCs (< 0.8 M),
c.f. Cabrera-Ziri et al. (2016b). Hence, this promises to be a rich avenue for future
work.
References
Adamo, A., Zackrisson, E., O¨stlin, G., & Hayes, M. 2010, ApJ, 725, 1620
Adamo, A., O¨stlin, G., Zackrisson, E., et al. 2011, MNRAS, 415, 2388
Adamo, A., Kruijssen, J. M. D., Bastian, N., Silva-Villa, E., & Ryon, J. 2015, MNRAS,
452, 246
Adamo, A., & Bastian, N. 2016 in The Origin of Stellar Clusters, 2016, ed. S. Stahler
(Springer) (arXiv:1511.08212)
Anders, P., Bissantz, N., Fritze-v. Alvensleben, U., & de Grijs, R. 2004, MNRAS, 347,
196
Anders, P., Kotulla, R., de Grijs, R., & Wicker, J. 2013, ApJ, 778, 138
Andersen, M., Zinnecker, H., Moneti, A., et al. 2009, ApJ, 707, 1347
Ascenso, J., Alves, J., & Lago, M. T. V. T. 2009, A&A, 495, 147
Ashman, K. M., & Zepf, S. E. 1992, ApJ, 384, 50
Banerjee, S., & Kroupa, P. 2016 in The Origin of Stellar Clusters, 2016, ed. S. Stahler
(Springer)(arXiv:1512.03074)
Bastian, N., Gieles, M., Efremov, Y. N., & Lamers, H. J. G. L. M. 2005, A&A, 443, 79
Bastian, N., Saglia, R. P., Goudfrooij, P., et al. 2006, A&A, 448, 881
Bastian, N. 2008, MNRAS, 390, 759
Bastian, N., Covey, K. R., & Meyer, M. R. 2010, ARAA, 48, 339
Bastian, N., Adamo, A., Gieles, M., et al. 2012, MNRAS, 419, 2606
Bastian, N., Lamers, H. J. G. L. M., de Mink, S. E., et al. 2013a, MNRAS, 436, 2398
Bastian, N., Cabrera-Ziri, I., Davies, B., & Larsen, S. S. 2013b, MNRAS, 436, 2852
Bastian, N., Schweizer, F., Goudfrooij, P., Larsen, S. S., & Kissler-Patig, M. 2013c,
MNRAS, 431, 1252
Bastian, N., Hollyhead, K., & Cabrera-Ziri, I. 2014, MNRAS, 445, 378
Bastian, N., & Lardo, C. 2015, MNRAS, 453, 357
Baumgardt, H., & Makino, J. 2003, MNRAS, 340, 227
Baumgardt, H., Parmentier, G., Anders, P., & Grebel, E. K. 2013, MNRAS, 430, 676
Beasley, M. A., Baugh, C. M., Forbes, D. A., Sharples, R. M., & Frenk, C. S. 2002,
MNRAS, 333, 383
Billett, O. H., Hunter, D. A., & Elmegreen, B. G. 2002, AJ, 123, 1454
Boily, C. M., & Kroupa, P. 2003, MNRAS, 338, 665
Bragaglia, A., Gratton, R. G., Carretta, E., et al. 2012, A&A, 548, A122
Bressert, E., Bastian, N., Gutermuth, R., et al. 2010, MNRAS, 409, L54
30Stellar clusters: benchmarks of stellar physics and galactic evolution - EES2015
Brodie, J. P., & Strader, J. 2006, ARA&A, 44, 193
Bruzual, G., & Charlot, S. 2003, MNRAS, 344, 1000
Cabrera-Ziri, I., Bastian, N., Davies, B., et al. 2014, MNRAS, 441, 2754
Cabrera-Ziri, I., Bastian, N., Longmore, S. N., et al. 2015, MNRAS, 448, 2224
Cabrera-Ziri, I., Bastian, N., Hilker, M., et al. 2016a, MNRAS, 457, 809
Cabrera-Ziri, I., Lardo, C., Davies, B., et al. 2016b, MNRAS, in press (arXiv:1605.01740)
Campbell, M. A., Evans, C. J., Mackey, A. D., et al. 2010, MNRAS, 405, 421
Chabrier, G. 2003, PASP, 115, 763
Chandar, R., Whitmore, B. C., Kim, H., et al. 2010, ApJ, 719, 966
Clark, J. S., Negueruela, I., Crowther, P. A., & Goodwin, S. P. 2005, A&A, 434, 949
Dalcanton, J. J., Williams, B. F., Lang, D., et al. 2012, ApJS, 200, 18
Dalessandro, E., Massari, D., Bellazzini, M., et al. 2014, ApJL, 791, L4
Davies, B., Figer, D. F., Kudritzki, R.-P., et al. 2007, ApJ, 671, 781
D’Ercole, A., Vesperini, E., D’Antona, F., McMillan, S. L. W., & Recchi, S. 2008, MN-
RAS, 391, 825
de Grijs, R., & Anders, P. 2006, MNRAS, 366, 295
de Grijs, R., & Goodwin, S. P. 2008, MNRAS, 383, 1000
de Juan Ovelar, M., Kruijssen, J. M. D., Bressert, E., et al. 2012, A&A, 546, L1
de Meulenaer, P., Narbutis, D., Mineikis, T., & Vansevicˇius, V. 2013, A&A, 550, A20
Efremov, Y. N., & Elmegreen, B. G. 1998, MNRAS, 299, 588
Elmegreen, B. G., & Efremov, Y. N. 1997, ApJ, 480, 235
Elmegreen, B. G. 2010, ApJL, 712, L184
Elson, R. A. W., Fall, S. M., & Freeman, K. C. 1987, ApJ, 323, 54
Evans, C. J., Taylor, W. D., He´nault-Brunet, V., et al. 2011, A&A, 530, A108
Fall, S. M., & Zhang, Q. 2001, ApJ, 561, 751
Fall, S. M., Chandar, R., & Whitmore, B. C. 2005, ApJL, 631, L133
Figer, D. F., Kim, S. S., Morris, M., et al. 1999, ApJ, 525, 750
Fouesneau, M., & Lanc¸on, A. 2010, A&A, 521, A22
Fouesneau, M., Johnson, L. C., Weisz, D. R., et al. 2014, ApJ, 786, 117
Gazak, J. Z., Bastian, N., Kudritzki, R.-P., et al. 2013, MNRAS, 430, L35
Gennaro, M., Brandner, W., Stolte, A., & Henning, T. 2011, MNRAS, 412, 2469
Gieles, M., Larsen, S. S., Bastian, N., & Stein, I. T. 2006a, A&A, 450, 129
Gieles, M., Portegies Zwart, S. F., Baumgardt, H., et al. 2006b, MNRAS, 371, 793
Gieles, M., Lamers, H. J. G. L. M., & Portegies Zwart, S. F. 2007, ApJ, 668, 268
Gieles, M., & Bastian, N. 2008, A&A, 482, 165
Gieles, M. 2009, MNRAS, 394, 2113
Gieles, M. 2010, Galaxy Wars: Stellar Populations and Star Formation in Interacting
Galaxies, 423, 123
Gieles, M., Sana, H., & Portegies Zwart, S. F. 2010, MNRAS, 402, 1750
Gieles, M., & Portegies Zwart, S. F. 2011, MNRAS, 410, L6
Gieles, M., & Alexander, P. 2015, arXiv:1512.01487
Glatt, K., Grebel, E. K., Sabbi, E., et al. 2008, AJ, 136, 1703-1727
YMCs and Their Populations 31
Gnedin, O. Y., & Ostriker, J. P. 1997, ApJ, 474, 223
Goudfrooij, P., Gilmore, D., Whitmore, B. C., & Schweizer, F. 2004, ApJL, 613, L121
Harris, W. E. 1996, AJ, 112, 1487
Hollyhead, K., Bastian, N., Adamo, A., et al. 2015, MNRAS, 449, 1106
Hollyhead, K., et al. 2016, MNRAS, in press (arXiv:1605.03451)
Holtzman, J. A., Faber, S. M., Shaya, E. J., et al. 1992, AJ, 103, 691
Hunter, D. A., Elmegreen, B. G., Dupuy, T. J., & Mortonson, M. 2003, AJ, 126, 1836
Johnson, L. C., Seth, A. C., Dalcanton, J. J., et al. 2015, ApJ, 802, 127
Jorda´n, A., McLaughlin, D. E., Coˆte´, P., et al. 2007, ApJS, 171, 101
Kim, S. S., Figer, D. F., Kudritzki, R. P., & Najarro, F. 2006, ApJL, 653, L113
Konstantopoulos, I. S., Bastian, N., Smith, L. J., et al. 2009, ApJ, 701, 1015-1031
Konstantopoulos, I. S., Smith, L. J., Adamo, A., et al. 2013, AJ, 145, 137
Krause, M., Charbonnel, C., Decressin, T., Meynet, G., & Prantzos, N. 2013, A&A, 552,
A121
Krause, M. G. H., Charbonnel, C., Bastian, N., & Diehl, R. 2016, A&A, 587, A53
Kravtsov, A. V., & Gnedin, O. Y. 2005, ApJ, 623, 650
Kruijssen, J. M. D., Pelupessy, F. I., Lamers, H. J. G. L. M., Portegies Zwart, S. F., &
Icke, V. 2011, MNRAS, 414, 1339
Kruijssen, J. M. D. 2012, MNRAS, 426, 3008
Kruijssen, J. M. D. 2014, Classical and Quantum Gravity, 31, 244006
Kruijssen, J. M. D. 2015, MNRAS, 454, 1658
Krumholz, M. R., Fumagalli, M., da Silva, R. L., Rendahl, T., & Parra, J. 2015, MNRAS,
452, 1447
Lada, C. J., & Lada, E. A. 2003, ARA&A, 41, 57
Lamers, H. J. G. L. M., Gieles, M., Bastian, N., et al. 2005, A&A, 441, 117
Larsen, S. S. 1999, A&A, 139, 393
Larsen, S. S., & Richtler, T. 2000, A&A, 354, 836
Larsen, S. S., Brodie, J. P., Elmegreen, B. G., et al. 2001, ApJ, 556, 801
Larsen, S. S. 2002, AJ, 124, 1393
Larsen, S. S. 2004, A&A, 416, 537
Larsen, S. S. 2009, A&A, 494, 539
Larsen, S. S., de Mink, S. E., Eldridge, J. J., et al. 2011, A&A, 532, A147
Larsen, S. S., Strader, J., & Brodie, J. P. 2012, A&A, 544, L14
Larsen, S. S., Brodie, J. P., Forbes, D. A., & Strader, J. 2014, A&A, 565, A98
Longmore, S. N., Kruijssen, J. M. D., Bastian, N., et al. 2014, Protostars and Planets
VI, 291
Longmore, S. N. 2015, MNRAS, 448, L62
Ma´ız-Apella´niz, J. 2001, ApJ, 563, 151
Mackey, A. D., & Gilmore, G. F. 2003, MNRAS, 338, 85
Maraston, C., Bastian, N., Saglia, R. P., et al. 2004, A&A, 416, 467
McMillan, S. L. W., Vesperini, E., & Portegies Zwart, S. F. 2007, ApJL, 655, L45
Miller, B. W., Whitmore, B. C., Schweizer, F., & Fall, S. M. 1997, AJ, 114, 2381
32Stellar clusters: benchmarks of stellar physics and galactic evolution - EES2015
Miller, B. W., & Lotz, J. M. 2007, ApJ, 670, 1074
Mistani, P. A., Sales, L. V., Pillepich, A., et al. 2016, MNRAS, 455, 2323
Moffat, A. F. J., Drissen, L., & Shara, M. M. 1994, ApJ, 436, 183
Mucciarelli, A., Dalessandro, E., Ferraro, F. R., Origlia, L., & Lanzoni, B. 2014, ApJL,
793, L6
Muratov, A. L., & Gnedin, O. Y. 2010, ApJ, 718, 1266
Nardiello, D., Piotto, G., Milone, A. P., et al. 2015, MNRAS, 451, 312
Niederhofer, F., Hilker, M., Bastian, N., & Silva-Villa, E. 2015, A&A, 575, A62
Offner, S. S. R., Clark, P. C., Hennebelle, P., et al. 2014, Protostars and Planets VI, 53
Parker, R. J., Wright, N. J., Goodwin, S. P., & Meyer, M. R. 2014, MNRAS, 438, 620
Parker, R. J., & Goodwin, S. P. 2015, MNRAS, 449, 3381
Peacock, M. B., Zepf, S. E., & Finzell, T. 2013, ApJ, 769, 126
Piotto, G., Milone, A. P., Bedin, L. R., et al. 2015, AJ, 149, 91
Piskunov, A. E., Kharchenko, N. V., Ro¨ser, S., Schilbach, E., & Scholz, R.-D. 2006,
A&A, 445, 545
Portegies Zwart, S. F., McMillan, S. L. W., & Gieles, M. 2010, ARA&A, 48, 431
Preibisch, T., Ratzka, T., Kuderna, B., et al. 2011, A&A, 530, A34
Ramı´rez-Agudelo, O. H., Simo´n-Dı´az, S., Sana, H., et al. 2013, A&A, 560, A29
Ryon, J. E., Adamo, A., Bastian, N., et al. 2014, AJ, 148, 33
Ryon, J. E., Bastian, N., Adamo, A., et al. 2015, MNRAS, 452, 525
Salpeter, E. E. 1955, ApJ, 121, 161
Scally, A., & Clarke, C. 2001, MNRAS, 325, 449
Schaye, J., Crain, R. A., Bower, R. G., et al. 2015, MNRAS, 446, 521
Schweizer, F. 1987, Nearly Normal Galaxies. From the Planck Time to the Present, 18
Schweizer, F., & Seitzer, P. 1998, AJ, 116, 2206
Schweizer, F. 2004, The Formation and Evolution of Massive Young Star Clusters, 322,
111
Sidoli, F., Smith, L. J., & Crowther, P. A. 2006, MNRAS, 370, 799
Silva-Villa, E., & Larsen, S. S. 2011, A&A, 529, A25
Silva-Villa, E., Adamo, A., Bastian, N., Fouesneau, M., & Zackrisson, E. 2014, MNRAS,
440, L116
Smith, L. J., & Gallagher, J. S. 2001, MNRAS, 326, 1027
Smith, L. J., Bastian, N., Konstantopoulos, I. S., et al. 2007, ApJL, 667, L145
Sollima, A., Gratton, R. G., Carretta, E., Bragaglia, A., & Lucatello, S. 2013, MNRAS,
433, 1276
Spitzer, L. 1987, Princeton, NJ, Princeton University Press, 1987, 191
Stolte, A., Hußmann, B., Olczak, C., et al. 2015, A&A, 578, A4
Toomre, A. 1977, Evolution of Galaxies and Stellar Populations, 401
Tonini, C. 2013, ApJ, 762, 39
Trancho, G., Bastian, N., Miller, B. W., & Schweizer, F. 2007, ApJ, 664, 284
Villanova, S., Geisler, D., Carraro, G., Moni Bidin, C., & Mun˜oz, C. 2013, ApJ, 778, 186
Whitmore, B. C., & Schweizer, F. 1995, AJ, 109, 960
Whitmore, B. C. 2003, A Decade of Hubble Space Telescope Science, 14, 153
YMCs and Their Populations 33
Whitmore, B. C., Chandar, R., & Fall, S. M. 2007, AJ, 133, 1067
Whitmore, B. C., Chandar, R., Schweizer, F., et al. 2010, AJ, 140, 75
Whitmore, B. C., Chandar, R., Kim, H., et al. 2011, ApJ, 729, 78
Zepf, S. E., & Ashman, K. M. 1993, MNRAS, 264, 611
Zepf, S. E., Ashman, K. M., English, J., Freeman, K. C., & Sharples, R. M. 1999, AJ,
118, 752
Zhang, Q., Fall, S. M., & Whitmore, B. C. 2001, ApJ, 561, 727
